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mics  of  Ionized  Media"  held  at  University  College,  University  of  London, 
March  19-21,  1951.  The  following  material  is  a  digest  of  the  proceedings 
of  the  conference.  This  digest  is  "based  on  hand  written  notes  taken  dur- 
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to  make  the  report  as  informative  as  possible,  it  is  obviously  impossible 
to  give  a  fuller,  much  less  a  verbatim,  account  of  the  proceedings.   It 
is  hoped,  nevertheless,  that  the  account  will  be  helpful  to  coworkers  in 
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In  view  of  the  shortage  of  time  it  was  proposed  not  to  discuss  the  origin 
of  cosmic  rays  or  of  cosmic  magnetic  fields.  The  discussion  was  also  limited 
to  gaseous  media. 
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Monday  Morning.  March  19. 

Prof.  MaB8e7  welcomed  the  participants  and  expressed  the  hope  that  one 
result  of  the  meeting  would  be  the  determination  as  to  whether  magneto- 
hydrodynamiCB  and  plasma  oscillations  could  explain  such  phenomena  as  the 
aurora  and  cosmic  radio  noise. 

Prof,  Alfven  gave  a  hrief  discussion  of  the  theory  of  magneto-hydrodynamical 
waves.     Consider  a  magnetic  field  applied  to   a  fluid  of  high  conductivity. 
Maxwell's  equations  and  the  equation  of  motion  of  the  fluid  are  as  follows: 


(1) 

V  ^-^^L^y^ 

(2) 

i  =  o-(B+|vxB) 

(3) 

d7         1 
~=     c     i^B-grad 

=  xcH 


r 


Here  S,  B,  H,  D  are  the  usual  E.M,  field  quantities,  i_  is  the  current,  (5~  is 
the  conductivity,  ^  is  the  permea^bility,  ^  Is  the  density,  and  V  is  the 
velocity  of  the  fluid.  The  underlined  terms  couple  the  hydro dynamical  with 
the  electrodynnmical  phenomena. 
Assume  that 

H  =  §2^+  h 

where  Hq^  is  a  constant  magnetic  field  parallel  to  the  z  ajcls  and  h  is  a 
varying  magnetic  field  parallel  to  the  y  axis.      If  we  ass-ume  all  varying 
quantities  depend  only  on  z  and  t,  we  find  the  following  equation  for  h.  : 

In  ca8eO-=    oo,   the  equation  reduces  to 

the  equation  for  a  wave  moving  with  the  speed      H    y  ^^-  ,     This  is  the  ideal 
magneto-hydro  dynamic  wacve. 


(5) 


-&. 


If  the  conductivity  is  not  infinite,  the  wave  will  "be  damped.  The 
;h  z  in  which  the  amplitude  of  the 
original  vgdue  is  given  Ijy  the  formula! 


length  z  in  which  the  amplitude  of  the  wave  will  be  reduced  to  e"  times  its 


(«'  'o-    ^ryjz^    ■ 

Here  X  Is  the  wavelength  of  the  wave. 

If  or"  Is  smEill,  the  first  term  on  the  right  side  of  equation  (U)  can  be 
neglected  and  we  get  an  equation  which  no  longer  depends  on  /?  and  H  ,  It  is 
the  well-known  equation  for  the   skin  effect   in  a  conducting  medium. 

To   determine  when  the  magneto-hydro  dynamic  effect  is  more  intportant  than 
the  skin  effect,    suppose  that  the  linear  dimension  of  the  medium  is  L,      It  is 
clear  that  L  must  be  ].arger  than  the  wavelength  X  eind  smaller  than  tlie  damping 
constant   z..     With  these  restrictions  on  X  and  z    ,    (6)  becomes 


LH^>TT3/2e2^l/V-^ 


-2     -U 
Since  for  metals  cr  c   ^^10   and  yc^l,  we  see  that  the  m,-h.  effect  will  be 

important  only  if 

L  H  >  10^ 

0 

The  above  discussion  can  be  extended  to  an  ionized  medium.  We  need  only 
replace  Eqn,  (2)  by  the  equations  of  motion  of  the  ions  and  electrons, 

<ili      ,1 
"l  dt     ^  ^-   2  "i   -' 

and  the  equation  for  the  total  current, 

i=e(n,I^-  n.V^)   , 

The  results  will  be  as  before  so  that  m,h,  waves  can  exist  in  an  ionized  medium. 

There  are  three  cases  to  consider  according  as  the  electro-magnetic  field  is 

coupled:   (l)  with  the  electrons,  (2)  with  the  electrons  and  the  ions,  (3)  with 

the  electrons,  the  ions  and  the  atoms.  That  there  exist  critical  frequencies 

w 
which  differentiate  between  these  cases  has  been  shown  by  the  work  of  Astrom, 


More  experiments  are  needed  in  this  field,     Lundquist  has  shown  the 
existence  of  magneto-hydrodynajnlcal  waves  in  mercury.     He  will  try  to  do  the 
same  with  liquid  sodium.      It  is   interesting  to  perform  some  simple  experiments 
with  mercury  in  a  strong  magnetic  field.     Without  a  magnetic  field,   when  a 
vessel  of  mercury  ia  shaken  slightly,   small   surface  waves  appear.      In  the 
presence  of  a  strong  magnetic  field,   there  are  no  surface  waves  so  that  the 
Ylscoslty  of  the  liquid  seems  to  have  been  increased, 

Mr,   Gold  discussed  "dynamo  action",    that   is,    axay  process  which  "builds  up 
magnetic  energy  from  mechanical  energy.     Consider  a  conducting  fluid  whose 
motion  is  prescribed.     The  following  assumptions  are  made: 

1,  The  fl\iid  is  incompre'^sihle. 

2,  The  electric  currents  flow  in  the  direction  of  electric 
field  so  that  1  =  cr  2,     This  is  equivalent  to   ignoring  the  effect  of  the  Hall 
current  on  the  field  equations  hut  the  term  1_  x  H  is  kept  in  the  equation  of 
notion  of  the  fluid.      This  assumption  is  correct  for  a  dense  meditun  hut  not  for 
a  tenuous  gas  in  a  high  magnetic  field. 

He  has  studied  the  possibility  of  dynamo  action  existijig  in  systems  for 
which  7,    or  H^   or  both,  vary  or  are  constant  and  for  which  cr  is  finite  or  in- 
finite.     IfcrL^V>>l  where  L  is  a  typical  dimension  of  the  system,    then 
CT*    may  be  taken  as  infinite, 

I.  System  in  a  steady  state,   that  is,  V  and  H  independent  of  the  time: 
Very  little  is  known.      Ifc3"is   Infinite,   the  connectivity  of  the  external 
medium  is  probably  important  as  may  be  seen  in  III,     Also,   Cowling  has  shown 
that  if  the  ystem  has  axial  symmetry,   it  cannot  produce  a  self-excited  dynamo. 
The  only  known  case  of  a  steady  state  system  wither"   finite  Is  the  case  of 
critical  speed  for  II, 

II,  System  with  V  steady  but  H  varies  with  time:      If  CT  is  infinite,    any 
motion  if  continued  long  enough  will  increase  H  indefinitely  except  if  H  happens 
to  become  zero   in  which  case  it   remains  so  and  except   the  case  when  H  is 
parallel   to  V,      When  H  increases,    the  increase  will  be  linear  in  time.      If  0~ 

is  finite,   the  field  may  decay,    or  it  may  increase  and  then  decay  to   zero,    or 
It  may  increase  exponentially.       In  this  last   case,   which  is   that  of  a  self- 
excited  dynamo,    it   is  essentieil   that  the  medium  be  resistive.     The  sign  of  H 
is  reversible,    that  is.   If  V  is  reversed,   then  H  wilL  be  reversed.     There  is  a 
critical  speed  below  v;hich  the  self-excited  dynamo  does  not  work;    above  the 
critical  speed,    it  does  work.     The  case  of  motion  exactly  at  the  critical   speed 
is  the  previously  mentioned  illustration  of  I  with  finite  cr. 


Ill,  V  and  H  vary  with  time:  This  is  the  so-called  "spaghetti  theory" 
of  dyoaiao  action.  By  the  motion  of  the  medium  the  lines  of  magnetic  force 
are  stretched,  twisted  and  interlaced  so  that  the  tuhes  of  forces  are  thickened 
thus  increasing  the  magnetic  field.  If  <r    is  infinite,  a  theorem  of  Bondi  and 
(Jold  (Mon.  Not,  of  R.A,S,  )  shows  that  the  exterior  field  cannot  he  caoised  to  in- 
crease if  Che  exterior  is  simply-connected.  However,  If  the  exterior  is  multiply- 
connected,  the  field  in  it  can  be  increased.   If cr  is  finite,  then  as  in  II  it  is 
possible  to  increase  or  decrease  the  field, 

Batchelor  has  shown  recently  that  it  is  possible  to  build  up  a  magnetic 
field  from  the  turbulence  of  an  infinite  fluid.  It  would  be  important  to  ex- 
tend this  v/ork  to  bounded  fluids  and  to  see  if  a  dipole  field  results.  Of 
course,  the  hope  is  to  explain  the  magnetic  field  of  the  earth  by  showing  that 
the  internal  motion  of  a  sphere  can  produce  a  dipole  field  of  high  symmetry. 

Mr,  Hoyle  discussed  diffuse  gases  in  a  magnetic  field.  LetT  be  the  col- 
lision time  of  the  gas.  If 

T*  s  ">  2nmc 
'  ^  "^   eH 

where  e  is  the  charge,  m  the  mass  of  a  gas  particle,  c  the  velocity  of  light  and 

H  the  strength  of  the  magnetic  field,  then  the  gas  is  to  be  considered  diffase. 

The  problems  of  the  solar  prominences,  of  the  acceleration  of  charged  particles, 

of  the  solar  flares,  of  the  aurora,  of  the  magnetic  storms,  of  the  radio  noise 

from  the  sun,  of  the  magnetic  field  in  interstellar  gas,  all  depend  upon  the 

kinds  of  currents  in  a  diffuse  gas.  Can  a  conservative  diffase  gas  support  a 

magnetic  field?  Can  it  build  up  the  field  by  a  spaghetti  processT 

We  have 

^  (magnetic  energy)  =  -   J  £•!  d(vol)  -  Radiant  tern. 
gas 

The  last  term  of  this  equation  will  always  decrease  the  magnetic  energy  so 
any  possibility  of  an  increase  depends  upon  the  first  term  on  the  right  side. 
However,  it  is  difficult  to  give  an  expression  for  the  current,  i.  The  formula 
i  =  O"  E  is  no  good  for  diffuse  gases  and  the  same  is  true  for  the  formula 


^IBI     , 


i_=o-j_B*0-2  2xB 
This  latter  fonitula  is  usually  derived  from  the  equation  of  motion 
mT=eE  +  |(VxB)     , 


If  E  and  B  change  slowly  with  respect  to  space  and  time,  it  can  be  Integrated 
to  give 

V=cBxB/B     •♦■  small   terms 

which  seems  to  indicate  a  current.  However,  this  is  E  observed  from  a  fixed 
system.  If  we  move  \/ith  the  particle,  it  can  "be  shown  that  c  E  x  B  /  B  will 
vanish  so  that  the  ciirrent,  if  any,  will  "be  given  "by  the  small  terms. 

The  best  solution  to  this  difficulty  seems  to  be  that  of  Ferraro  who 
finds  that 


the  same  formula  as  in  the  case  of  a  super-conductor.  By  this  mechanism  H 
will  probably  be  built  up  vmtil  the  gas  ceases  to  be  diffuse,  that  is 

^7-  _   gnmc 
*  ~    eH 

It  is  to  be  noted  that  the  integrated  formula  for  V  breaks  do\m  at  singular 

points  where  B  =  0  and  E  ^  0,  It  is  probably  the  neighborhoods  of  such  points 

which  produce  highly  accelerated  particles. 
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Monday  Afternoon.  March  19. 

A  written  communl  cation  from  Mr.  G,  K.  Batchelor  was  read  Tjy  Prof.  Massey, 
In  a  conducting  medium  the  lines  of  magnetic  force  are  attached  to  the  particles, 
Therefore,  in  turhxilent  motion  all  lines  of  force  tend  to  he  stretched  since 
two  particles  tend  to  wander  apart  from  each  other  indefinitely.  In  this 
manner  the  magnetic  field  will  he  increased  hy  the  motion  of  the  fluid.  For 
a  high  enough  conductivity  a  turbulent  fluid  will  amplify  small  magnetic  dis- 
txurhances.  The  criterion  for  amplification  is 

^ere  ^  is  the  kinematic  viscosity.  If  this  criterion  is  satisfied,  a  magnetic 
disturhance  v/ill  increase  exponentially.  The  douhling  time  of  amplification  is 

{iy  /  €.  )  '     where  €  is  the  scale  of  turbulence.  The  magnetic  energy  will  reach 

1/2 
an  asymptotic  level  of  (i^^  )  '  per  unit  mass  of  fluid, 

A  discussion  of  the  morning's  papers  took  place  next.   Dr.  ttahor  pointed 

out  that  the  fonmila 

V=cBxB/B^ 

applies  to  both  electrons  and  ions  and  so  in  a  plasma  cannot  give  currents 
and  therefore  cannot  affect  the  magnetic  field. 

Prof.  Alfven  discussed  v;hat  happens  v^en  magnetic  lines  are  stretched 
very  mach.  Start  with  a  constant  magnetic  field  with  lines  of  force  as  follows: 


-ryr\r 


These  can  be  stretched  to  this  form: 


When  these  are  stretched  sufficiently,  some  must  split  off  thus: 
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This  proce!^8  will  amplify  the  magnetic  field, 

Mr,  Bullard  pointed  out  that  a-  V  L  is   the  important  parameter  in  these 
prohleEs.     Given  Maxwell's  equations  and  the  velocity  field,   do  there  exist 
solutions  which  satisfy  the  houndiiry  conditions  and  which  also  exhiljit  dynamo 
action?     Cowling's  theorem  states  that  if  there  exists  a  magnetic  field  of 
closed  loops  enclosing  a  loop  of  singularities,  no  dynamo  can  he  produced.      It 
is  to  be  noted  that  Batchelor's  work  assvunes   a  liquid  of  infinite  extent  and 
may  not  apply  to  liquid  in  a  finite  space, 

Mr.    Gold  remarked  the  method  of  lines  of  force  is  appllcahle  only  in  a 
perfect  conductor  and  not   even  in  the  empty  space  surrounding  the  conductor. 
In  a  dissipitative  medium  it  is   Just  as  well   to  work  out   the  problem  and  not 
try  to  use  the  picturesque  lines  of  force,   since  the  identity  of  lines  of 
force  makes  sense  only  in  the  case  of  perfect  conductors, 

Mr.  Bvdlard  stated  that  the  question  of  dynamo  action  is  a  question  of 
the  existence  of  an  eigenvalue  (velocity)  for  Maxwell's  equation  satisfying 
certain  "boundary  conditions.      This  problem  can  be  done  numerically. 

Prof.  Alfven  pointed  out  that  Batchelor   starts  with  turbulent  motion  and 
assumes  that  it  is  xinchanged  by  the  magnetic  field.     This  is  probably  wrong. 

The  remaining  talks  were  devoted  to  experimental  results.     Prof,   Emeleus 
discussed  discharge   tube  phenomena  and  stated  that   in  ao^-  tube  there  may  exist 
disturbances  of  large  amplitude.     For  example,    the  striations  usually  oscillate 
and  it  is  quite  common  for  the  electron  beam  to  become  unstable.     These 
phenomena  cannot  be  described  by  the  theories  of  the  previous  speakers  since 
now  the  mean  free  path  is   small.     He  suggested  tentatively  that  the  discharge 
may  exhibit  turbulence  of  the  type  of  water  flowing  in  a  pipe. 

Prof,  Massey  described  an  experiment   in  which  a  beam  of  ions  moved  parallel 
to  a  strong  magnetic  field.     Despite  the  symmetry  of  the  apparatus,    there  re- 
sulted a  lack  of  symmetry  in  the  equi-potential  lines.     He  concluded  that   this 
could  be  explained  by  a  greater  diffusion  in  the  perpendicular  direction  than 
theory  would  predict.     This  discrepancy  with  theory  was  probably  due  to   the 
fluctuating  effects  of  the  plasma. 

M 

Dr,  Astroiu  described  an  experimental  study  of  the  bunching  effect  In 
discharge  tubes. 
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Tuesday  Morning.  March  20, 

Tuesday  was   devoted  to  a  discussion  of  plasma  oscillations.     The  first 
speaker  was  Mr,  Eoherts  who  presented  Bailey's  theory  of  plasma  oscillations. 
Starx  with  the  equation  of  motion  of  the  particles: 

Dt  N  ^  e  e  «     e         mc     ^  c       e 

Here  U  is  the  velocity  of  the  electrons,  N  is  the  numher  of  electrons,  T 
e  e  e 

is  1/3  the  mean  temperature  and  ^     Is  the  collision  frequency.  Assume 

U  =  U^  -^  u 
e    0 

v/here  U  is  constant  and  u  varies  as  exp  i(a>  t-Kx),  Consider  propagation  along 

0 
the  magnetic  field  with  drift  velocity  U^.  Neglect  collisions  and  temperature 

effects;  then  the  magneto-ionic  theory  shows  that  for  any  frequency  there  are 

at  most  four  modes  as  illustrated  in  the  following  diagrajn: 


,ra-^^' 


.^tV 


Here  JTL   is  the  gyrofrequency  and  p  the  plasma  frequency, 

Suroose  now  that  th'e  ohserver  moves  in  the  direction  opposite  to  that  of 
the  magnetic  field.  He  will  meet  more  wave  crests  and  so  the  frequency  will  "be 
decreased,  while  waves  going  in  the  direction  of  the  magnetic  field  will  have 
their  frequency  increased.  As  a  result  the  ahove  diagram  ia  shifted  in  an 
ohlique  direction. 


How  for  any  sufficiently  hi^  frequency  there  are  g  modes.  When  there  are 
not  g  modes,  we  may  have  complex  values  of  k  »o^  *  ^/®  ^^^   therefore  ainpli- 
flcation  of  the  field. 

There  are  two  distinct  methods  "by  which  the  field  may  he  amplified: 
either  hy  a  charge  "bunching  process  or  "by  a  magnetic  deflection  process.   In 
the  charge  bunching  process  the  field  produces  hunches  of  charges  and  the 
movement  of  each  hunch  produces  a  current  which  influences  the  field.  This 
process  has  the  following  properties: 

1,   It  is  the  component  of  the  electric  field  in  the  direction  of  motion 
which  produces  the  current. 

2»  The  process  is  quasi-stationary. 

3,  The  charge  must  he  modulated  in  order  to  produce  hunches. 

J+,  Two  kinds  of  charges  must  he  present, 

5,  There  is  a  transfer  of  energy  from  kinetic  to  electromagnetic,  Vfork 
la  dona  on  the  field. 

In  the  magnetic  deflection  process  the  component  of  the  magnetic  field 
transverse  to  the  drift  velocity  deflects  the  velocity  so  that  current  is  pro- 
daced  which  in  turn  increases  the  magnetic  field.   This  process  has  the  following 
properties: 

1,  The  magnetic  field  is  perpendicular  to  the  heam. 

2,  The  process  involves  radiation. 
3*  Charge  modulation  is  not  needed. 
U,  Only  one  kind  of  charge  is  needed. 

5,  The  process  increases  the  kinetic  wave  energy,  that  is,  the  alter- 
nating component  of  the  heam  velocity. 
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Prof,  Sneleus  reported  that  high  frequency  oscillationB,  ahove  one 
megacycle,  could  be  generated  hy  discharge  tubes.  The  oscillations  were  oT5- 
served  by  holding  a  discharge  tube  near  a  pair  of  Lecher  wires.  He  also 
described  the  construction  of  a  reflection  oscillator. 


C  is  a  hot  cathode,  A  is  a  disc  electrode  at  a  potential  high  enough  to  throw 
the  electrons  back  to  the  cathode.  At  certain  critical  voltages  the  plasma 
can  be  set  into  violent  oscillations.  Different  tubes  may  show  different  modes 
of  oscillations.  There  seems  to  be  no  exact  analogy  with  hard  tube  oscillations. 

Dr.  Twiss  discussed  the  previous  papers.  Prof,  ikneleus  had  reported 
that  in  a  discharge  tube  there  was  a  thin  region  of  intense  oscillations  a 
short  distance  from  the  cathodes.  There  is  a  good  explanation  of  this  by  Pierce 
in  a  Bell  Laboratory  report.  Suppose  electrons  are  sent  one  at  a  time  right  after 
each  other  into  a  stationary  plasma.  Bach  electron  will  produce  space  charge. 
If  the  following  electrons  are  in  the  right  phase,  the  space  charge  v/ill  be 
strongly  anplified  and  thus  may  be  set  into  oscillation.   Dr,  Twiss  felt  that 
Bailey's  theory  is  not  veiy  relevant  to  gas  discharge  theory  or  to  the  sun 
since  the  boundary  conditions  considered  in  the  theory  are  very  artificial. 
The  best  discussion  of  plasma  oscillations  is  by  Gross  in  an  M,I.T,  report. 
In  any  case  Bailey's  theory  cannot  give  the  proper  amount  of  amplification. 
The  mathematical  theory  used  is  very  vague.  One  usually  tries  to  find  solutions 
of  the  Maxwell-Lorentz  equation  of  the  form  exp  i(k  x  -  CJt)  and  then  get  a 
dispersion  relation 

CJ  =  f(k)   . 
This  method  is  invalid  and  breaks  down  completely  v;hen  v;e  have  a  continuous 
velocity  distribution.  For  example,  Haeff  in  his  theory  of  the  electron  wave 
tube  uses  the  formula: 

N      60  ^ 

1-  H       '"     2    =  0 
8=0  (w  -KJ  kr 

08 

which  cannot  be  replaced  by  an  integral  in  the  continuous  case.  Are  there 
simTjle  criteria  which  determine  when  a  given  medium  is  stable,  unstable  or 
ajaplifi'lng! 
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Dr.  Gator  reported  that  the  Dehye  theory  of  electrolytes  and  the  Boehm 
and  Gross  theory  of  plasma  oscillations  can  be  pieced  together  to  give  a  con- 
sistent theory  of  plasma  oscillations,  Boehm  and  Gross  showed  that  the 
velocity  V  of  longitudinal  plasma  waves  of  frequency  60  is  given  "by  the  fonnala: 


Here  V  is  the  mean  velocity  of  the  plasma  and 
(j^     =  IffTe^  n/m  . 

Hote  that  V  <  V  <  oo.  The  given  formula  will  "be  valid  for  wavelengths  larger 
than  the  Debye  wavelength 

\^   =  (KT/UTTe^n)^/2   ^ 

Consider  longitudinal  plasma  oscillations.  There  will  exist 


oscillations  in  the  frequency  interval  i/',  i^  +  d  i-*  ,  The  energy  stored  in  the 
form  of  plasma  oscillations  will  be  kT  times  the  number  of  oscillations  that  is, 
it  will  equal 

const  2^^     f   x^CX^-l)^  ^  di.  a  =   r/c  )  max  . 
(kT)V2    \ 

The  cut-off  at  the  upper  limit   is   somewhat   arbitrary  but   it  may  be  taken  at 
four  times   the  Debye  wavelength.      Then, 

.3/2    ,  .-1/2 


-'•^[^)\^)        "" 


This  is  a  decreasing  fujaction  of  T  but  it   is  known  that 

so   that     jf  ^  0.      T^ls  discrepancy  can  be  removed  by  adding  the  Debye  energy, 

2d=  -  3,32     e3  ml/2/(kT)V2 
to   the  previous   expression  for  the  energy.     Now,  E  will   increase  with  T, 
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Tuesday  Afternoon.  March.  20. 

Dr.  G.  C,  Macfarlane  discussed  oscillations  produced  In  slipping  streams 
of  electrons.  Consider  a  stream  of  electrons  of  uniform  density  moving  parallel 
to  the  x-axl8  and  suppose  that  their  velocity  varies  linearly  in  the  y-dlrection. 


electrons 


CO  /e  where  co^   is  the  plasma  resonance  frequency  and  put  V 


V  ^  a;^y. 


Put  B 

Suppose  there  is  a  conponent  of  E  parallel  to  the  motion  of  the  electrons- and 
assume  that  the  quantities  vary  as  exp  i.{6jt  -  h  x).     The  results  ot)tained  are 
Indicated  in  the  following  diagram. 


Im(  c5"  /  ^ 


■>cc? 


(i)  is  what  would  be  expected  on  the  two  heam  theoiy,   (^  and  (^   are  es- 
sentially the  result  of  resonance  layers  at  the  upper  and  lower  edges  of  the 
stream.  The  ahove  description  is  valid  for  not  too  great  variation  of  the  ' 
velocity  across  the  "beam  so  that 


<  0,U2 


However,   for  0,1+2  <    «<     <  1  the  picture  looks  as  follows: 


-1> 


^mm 


L^^ 


ou 


It   is  suggested  that  the  mechanism  indicated  hy  (z)  might  he  useful   in  producing 
high  frequency  oscillations. 

Dr.   Bunemann  discussed  the  question  of  v^hether  modes   exist  v/hich  radiate 
directly  into   the  plasma.     His  general  conclusion  was   that  modes  v;hich  radiate 
do  not  grow  and  that  modes  which  grow  do  not  radiate.     The  relevant   equations 
are  Marv/ell's  equations,   the  equation  of  conseivation  of  charge  and  the 
equation  of  motion  of  the  particles.     These  are  non-linear  equations   and  at 
present  laust  be  solved  hy  perturhation  methods.     Collisions  are  ignored  and  the 
non-vorticity  is  assxuaed.      This   sho'old  he  explained.     Normally  in  hydro- 
dynamical  problems,   noit-Torticity  implies 

curl  u  =  0 

where  u  is  the  velocity  vector.      However,   when  a  magnetic  field  is  present,  a 
generalized  momenttun, 

2_  s  a  u  -  e  klc      , 
must  he  used.     Here  A  is  the  vector  potential  of  the  magnetic   field.     Put 

£  -  curl  £_ 
and  v/e  find 

da. 

—  =  q  *  q  X 

dt 

dq 


If  q  is  zero  at  any  time,  then 


dt 


0  and  q  will  alwaj's  he   zero.     This  behavior 


is   exactly  the  same  as  that  of  vorticity  in  hydrodynamics.     Note  that  the  assumption 
of  noia^vorticity  is  not  the  same  as  that  made  by  Boehm  and  Gross  becau'^  e  they  as- 
aume  uniform  velocity  which  implies  c\u'l  u  =  0  and  so  curl  2.=  -8H/c5i'0, 

The  problem  turns  out  to  be   eimpler  in  the  relativistic  treatment  than  in 
the  noQp-relativistic,     Consider  the  follov/ing  four-vectors: 


J  =  c  NU  =  (j^,   Jy,   J^,   l^c) 

Here,  V  is  the  electrostatic  potential  euid  N  is  the  munher  of  particles  /c.c, 
Maxi'/ell's  equations  "become 

D*A,=  0,  D^A  =  -1+ttJ/c        . 

These  imply  the  conservation  of  charge, 

Q  •   J  =  0 

The  eqxiation  of  motion  is 

£  =  m  U  -  e  A/c  =  Q  W 

where  W  is  a  scalar.  The  last  equation  follows  from  the  assiaiption  that 
curl  £=0,  If  the  equations  ao-e  comhined  hy  eliminating  J  and  A,  the  result 
is 

and 

Here,  X  is  the  free  space  wave  length  corresponding  to  plasma  oscillations 
and  %  =  X/2TT  . 

Assume  U  depends  on  one  space  variable  only,   let  us   say  y.     We  find 

N  =  constant 

U  =  c(8in  h  (y/A),   0,  0,  i  cosh  (y/A)     . 

This   solution  is  really  a  slipping  stream.      Now,   assume  perturbations  of  the 
form 

f(y)  exp  i  (-k^  I  -k^  z  t-  kt) 

.•nd  then  two  types  of  modes  are  found.  A  normal  type  for  which  the  perttirhed 
magnetic  field,  h,  is  parallel  to  the  x  axis  and  the  perturbed  electric  field 
is  parallel  to  the  yz  plane;  also 
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The  anomaloas  type  of  mode   is   one  in  which  the  perturbed  electric  field 

e,    is  parallel   to   the  x-axis  v/hile  the  perturhed  magnetic  field  is  parallel 

to   the  yz  plane;   also 


"•1  2      2  2 

Here  €         =  ^     k     cosh     (y/X)  -  1,     Prom  a  discussion  of  these   two  types  of 

modes  the  conclusion  is  ohtained  that  growing  modes  do  not  radiate  and 

radiating  modes   do  not  grow. 
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Wednesday  Morning.  March  21. 

Prof.  Ferraro  started  the  proceedings  Wednesday  morning  hy  discussing 
magnetic  stonas.  A  typical  magnetic  storm  exhiljits  the  following  "behavior: 


time 


By  an  extensive  harmonic  analysis  of  the  experimental  data.  Chapman  obtained  a 
system  of  currents  which  coixld  produce  a  magnetic  storm.   This  system  shov;ed 
a  strong  current  in  the  neighhorhood  of  auroral  zones.  Birkeland  \/as  the  first 
to  try  to  explain  aurorae  by  means  of  a  solar  stream  of  particles,  Chsgpman  con- 
sidered an  ionized  corpusc\ilar  stream  approaching  the  earth  and  showed  that 
surface  effects  on  this  stream  are  important  in  explaining  magnetic  storms. 
Chapman  and  Ferraro  studied  the  motion  of  an  extremely  rare  ionized  stream  in 
the  presence  of  the  earth's  magnetic  field.  They  first  asstuned  1.  =  ^J"  E  which 
was  wrong.  This  assumption  was  modified  in  later  work.  Put 


p  =  m  V  +  e  kjc     , 
If  H  =  0  at  the  start,  then 

p  =  -  grad  ^ 
and  the  law  of  conductivity  is  similar  to  that  for  superconductors: 

caxl   i  =  -  He^  H/mc^   , 
Here  H  Is  the  number  of  the  ions.  Now 

curl  H  «  Utt  1 
80  that 

curl  curl  H  =  -  UtT  Ne  ^mo   , 


and  since  V»H  »  0,  It  follows  that 
V  ^  H  «  Utt  He^  H/iac^ 
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The  solution  of  this  is 


H  =  H  e 
—   — o 


-Xx 


where 


X^  =   Utt  Ne^/mc^ 


The  depth  necessary  to  reduce  the  current  to  e~  times  its  level  is 
d  =  5,5  X  10^  N'^/^  cms. 


For  actual  cases  this  is  5  x  10  cm.  Since  the  thickness  of  the  stream  is 

11     12 
10   -  10   cm, ,  then  the  inside  of  the  stream  is  shielded  hy  a  current  sheath. 

As  the  stream  approaches  the  earth,  there  is  a  retardation  of  the  front  so  that 

a  hollow  space  Is  formed. 


earth 


\  et^^,tfc^e« 


This  hollow  thickens  the  ma^etic  lines  of  force  and  so  increases  the  mRgnetic 
field.  This  is  a  possihle  explanation  of  the  first  phase  of  magnetic  storms. 
Let  X  he  the  position  of  the  apex  of  the  hollow.   Then, 


dx 

dt 


u  + 


2V^i 


1/6 


(0' 


When  g  =  0. 


Here  u  Is  the  velocity  of  the  stream,   a  is  the  radius  of  the  earth  and 
the  geometrical  mean  of  the  mass  of  the  electrons  and  the  ions, 
the  apex  vfill  come  to  rest.     What  happens  after  the  apex  comes   to  rest  is  not 
clear.     The  particles  may  he  expected  to  flow  along  the  earth's  magnetic  lines 
of  force,   hut  one  difficulty  of  this  theory   is  that  the   speed  of  the  particles 
deduced  from  the  time  lag  is  not   sufficient   to  enable  them  to  penetrate  the 
earth's  atmosphere  to  the  height  at  which  the  aurora  is  ohserved.     Chapman 
suggests  that  surface  charge  due  to  polarization  may  he  able  to  accelerate  the 
particles  sufficiently  so   they  will  penetrate  to  the  required  height. 


__  /Hollow 


Martyn  thinks   that   surfac*  charges  ma;/-  discharge  in  the  auroral  regions  thus 

forming  currents  vAiich  will  explain  the  main  phase  of  the  magnetic  storm. 

Prof.  Alfven  first  discussed  the  question  of  the  conductivity  of  an 

ionized  gas.     Cowling  has  given  the  formula 

p 
CT"  =  const,   e     n  T'/a 

where  n  is  the  number  of  electrons  /c.c. ,  and  T'is  the  collision  time.  This 
formula  is  valid  if  there  is  no  field  or  if  E  is  parallel  to  H,  However,  if 
B  is  perpendicular  to  H,  then 

CT. 


where  o  is  the  gyro- frequency,  equal  to  e  H/mc,  If  co 'r>  >  1,  then 
Cr"j_  <  <  CT^,,  This  is  the  case  in  diffuse  gases.   In  most  actual  cases,  o~^ 
seems  to  he  of  little  importance.  Consider  the  case  of  magneto-hydrodynamic 
waves.  We  may  treat  the  medium  as  a  conducting  fluid  so  that  the  equations  are 

dE 

1  dV 

i=cr(S  +  iVxH),/0^=lxH/c   . 

or  we  may  treat  the  medium  as  an  ionized  gas  in  which  case  the  last  two 
equations  must  be  replaced  by  the  following: 

i  =  ne(Vj^  -  V^) 

dV 
*  m  — rr  =  e  E  •••  e  V  x  H/c 

e  dt     —    -^      -I 


H/c 
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Here  the  suffix  e  refers  to  electrons,  while  the  suffix  i  refers  to  ions.   In 
either  case,  we  get  the  same  velocity  for  the  m-h  waves: 

Of  course,  the  stsored  equations  ahove  neglect  collisions.  AstrSm  has  shown 
that  if  collision  is  put  in,  the  v/aves  will  "be  damped.  Hoi/ever,  the  damping  de- 
pends on<3^  not  O^  .   03;  seems  to  be  important  only  in  dealing  with  the 
transient  state  produced  when  an  electric  field  is  switched  on  in  the  presence 
of  a  magnetic  field.   It  seems  that  ^3.  ^^   never  needed  in  static  problems. 

The  second  thing  Prof.  Alfven  discussed  was  the  Chapman-? erraro  treatment 
of  magnetic  storms.   So  far  their  work  has  not  given  anything  that  could  be 
compared  with  experiment.  Prof.  Alfven 's  personal  opinion  is  tliat  the  main 
effect  of  the  corpuscles  emitted  from  the  sun  was  to  produce  in  the  neighborhood 
of  the  earth  an  electric  field  of  strength  10"-'  volt/cm.  The  most  important 
phenomena  of  the  magnetic  storm  are  prod\iced  by  this  electric  field.  As  evi- 
dence for  the  existence  of  this  electric  field,  the  following  facts  were 
noted,  (1)  Associated  with  a  magnetic  storm,  there  is  a  marked  decrease  in 
cosmic  ray  intensity.  This  is  possibly  owing  to  a  variation  of  the  electric 
field  aroxmd  the  earth,   (2)  The  symmetry  of  the  magnetic  storm  with  respect 
to  the  6  hr.  -  18  hr,  line  indicates  the  existence  of  the  electric  field. 

Sun 


(6  hr  —G-4 6  hr. 


(3)  Experiments  carried  out  v/ith  a  homogeneous  magnetic  sphere  in  a  strong 
electric  field. 


discharge 
lines  of  force 


Sphere 


Indicate  discharges  are  formed  in  the  region  of  the  auroral  zones,   (U)  Some- 
times the  aurora  breaks  up  into  rays  and  one  ray  stays  fixed  relative  to  the 
observer.  This  suggests  an  electric  discharge  which  once  formed  may  persist. 
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Mr.  &old  analyzed  the  prolDlem  of  \;here  electromagnetic  processes  vrhich 
could  produce  radio  noise  might  occur.  Three  agsumptions  are  possiljle: 

(1)  The  existence  of  radio  stars.  As  far  as  observation  goes,  radio 
Btars  at  3-IO  light  years  would  te  enovigh.  The  isotropy  of  radio  noise  indi- 
cates either  that  the  sources  are  close  by  or  that  they  are  inother  galaxies. 
If  the  star  is  in  another  galaxy,  the  radio  powtjr  needed  "by  it  would  be  ten 
times  as  much  as  the  radio  power  emitted  by  our  galaxy, 

(2)  The  emission  of  radio  noise  by  galactic  gas.  The  Crab  nebula  which 
is  a  nova  shows  radio  noise.  There  exist  galaxies  which  are  very  violent  and 
contain  many  novae  so  they  could  emit  radio  noise.   It  would  also  be  important 
to  calculate  the  amount  of  radio  noise  produced  by  the  absorption  of  cosmic 
rays, 

(3)  Any  combination  of  (l)  and  (2)  which  would  produce  the  observed  radio 
noise. 

The  difficulty  about  radio  noise  is  that  it  is  so  weak  that  A/e  can't  re- 
strict any  theory  by  using  arguments  based  on  power.  There  is  always  plenty  of 
free  energy  to  produce  radio  noise.  In  cosmic  ray  theory^  on  the  other  hand, 
it  is  difficult  to  find  processes  which  have  enough  energy  to  keep  cosmic  rays 
going, 

Mr,  Ryle  also  discussed  the  origin  of  radio  noise.  He  believed  that 
galactic  gas  cannot  account  for  more  than   one  percent  of  radio  noise.  Plasma 
oscillations  don't  seem  to  be  able  to  produce  radio  noise.  Thermal  energy  in 
the  galaxy  is  not  enough  to  account  for  the  observations.  The  radio  star  in 
Cassiopeia  produces  one  thousand  times  more  noise  than  the  Andromeda  nebula  or 

our  own.  The  svin  spot  temperature  is  10   while  the  radio  star  temperature 

lU 

is  10  ,  As  a  resTilt,  he  strongly  believes  that  radio  stars  do  exist  and  are 

the  only  reasonable  ways  of  explaining  the  observations.  The  radio  noise  might 
be  produced  by  an  electron  traveling  around  a  radio  star  in  an  electromagnetic 
field  orbit  at  a  speed  close  to  that  of  light.  There  will  be  a  component  of 
acceleration  perpendic-ilar  to  the  motion  which  produces  the  pulses  of  energy 
noticed  as  radio  noise. 

After  Mr.  Kyle's  talk,  there  was  a  heated  discussion  between  Mr.  Gold 
and  Mr,  Hoyle  on  one  side  and  Mr,  Byle,  Prof,  Alfven  amd  others  on  the  opposite 
side.  The  majority  opinion  v/as  that  radio  stars  must  exist  and  are  necessary 
to  explain  the  observation,  Mr.  Gold  and  Mr.  Hoyle,  however,  maintained  that 
radio  stars  are  probably  one  source  of  noise  but  that  other  soxirces  are  possible 


Vednesday  Afternoon.   March  21 

Dr.    Denis 36  studied  the  "behavior   of  shock  v/aves  in  an  ionized  medium. 
Assume  that   there  exists  a  proton  sliock  wave.      The  motion  of  the  electrons 
relative  to  the  protons  produces  polarization  and  so  an  electric  force  acrot 
the   shock.     As  a  result,    the  electron  distrfbution  may  "be  changed  from  a 
G-aussian  distriliutlon  to  the  following: 


The  humps  in  the  distrihution  may  he  regions  of  high  activity  and  this  may 
give  em  explanation  for  solar  noise, 

Mr.   Hoyle  and  Prof.  Herlofssen  summarized  the  three  day  meeting,     Mr, 
Hoyle  outlined  the  papers   that  had  heen  presented  in  the  field  of  magneto- 
hydronamics.     The  prohlem  of  a  compressihle   ionized  medium  in  motion  can  he 
divided  in  tv/o  parts:     either  the  dimension  of  the   system  is  of  the  order  of 
magnitude  of  the  wave  length  or   the  dimension  of  the  system  is  very  much 
larger  than  the  wave  length.     The  latter  part  of  the  problem  was   the  only 
one  considered  in  this  meeting.     The  medium  may  te  either  dense  or  diffuse.     If 
the  medium  is  dense,   then  there  srlse  the  proMems  of  magneto-ionic  wpves,    and 
of  dynamo  action.      Bond!  and  Gold  have  shown  that   in  the  case  of  a  perfect  con- 
ductor no  dynamo  action  is  possihle.      In  case   of  an  imperfect  conductor  the 
possibility  of  dynamo  action  is   still  undecided. 

If  the  meditun  is  diffuse  the  question  arises  as   to  what   is  meant  "by  its 
conductivity.      Some  work  was  reported  which  seemed  to  shov;  that   the  medium 
acted  as  a  super-conductor.      If  the  diffuse  medium  is  assumed  to  have   zero 
vorticity  then  Bunemann  has  shown  that  plasma  oscillations  give  no  noise.      So 
far,   nothing  has  heen  done  in  the  case  of  non-zero  vorticity, 

A  very  Important  question  for  diffuse  mediums   is  that  of  hov^  particles 
may  "be  accelerated.     The  solution  of  this  problem  would  he  helpful  in  the 
study  of  cosmic  rays,   of  radio  noise,    of  aurora,   and  of  the  nature  of  radio 
stars, 

Mr,  Hoyle  remarked  that  there  were  tvro  outstanding  points  raised  by  the 
meeting.     First,    there  was  a  difference  of  opinion  on  the  origin  of  the  earth's 
magnetic  field.      Mr.   Gold  believed  that    it  was   impossible  to  explain  the  earth's 
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magnetic  field  by  means  of  internal  rotations,   while  Dr.  Bullard  ^m8   trying 
to  construct  an  example  of  a  rotating  sphere  which  would  possess  a  magnetic 
field.      Second,   there  v/as  a  difference  of  opinion  between  this  conference 
and  that   of  I9U9  on  the  question  of  the  conductivity  of  a  diffuse  medium. 
The  earlier  conference  had  ignored  this  question,    thinking  it  simple  but 
this   conference  has  realized  that   the  question  is   complicated  and  by  no  means 
settled, 

Dr,  Herlofssen  sianiaarized  the  papers  on  Plasma  Oscillations,     The  experi- 
mental results  discussed  oscillations  and  amplification  (a)  associated  with 
electrodes  and  (b)  not  associated  with  electrodes.     There  were  also  reports 
on  slipping  streams  of  electrons  and  on  the  enormous  diffusion  of  electrons. 
The  theoretical  papers  discussed  (a)  the  fundamental  equations,    (b)  the 
bunching  phenomena,    and  (c)   the  escape  of  radiation.     As  a  result  of  the  con- 
ference,   Dr.  i^erlofssen  remarked,,  the  following  questions  arose  in  his  mind: 

Eo\t  important  is  the  magnetic  field? 

(1)  Is  the  nagnetic  field  important  for  bunching?     aneleus  re- 
ported experiments  where  Instability  existed  even  with  no  magnetic  field. 

(2)  Suppose  a  plasma  has  Maxwell's  distribution,     '.Vill   there  still 
be  oscillations  or  instabilities? 

(3)  Will   the  acceleration  of  bunches,   for  example,   by  bending  it 
in  a  magnetic  field,  produce  a  radiation? 

(U)     Do  we  agree  on  the  fundamental   equations,    that    is,  maxv/ell's 
equations  and  the  conductivity   or  dynamical  equations? 

In  our  equations  the  E  "♦•  —  X.  ^  S.  always  appears.  What  does  ^  •  (E  +  r*  I.  ^ 
mean?  Consider  the  case  where  E  =  0,  H  /  0  but  Vx  H  =  0.  Change  to  a  system 
moving  with  velocity  V  relative  to  it.     Then 

E'  =  -VxH     and     c\7*E'=-     V'\7xH  +  H.(VxV)=H-(VxV). 

If  Y  is  uniform  then  ^  x  V  =  0  and  eo  V •   E  =  0,  But  suppose  for  example,  a 
slipping  stream  such  that 

V  X  V  ^  0 
then  V  •  E  =  0,  What  is  the  physical  meaning  of  this  fact? 

(5)  Does  Bailey's  work  mean  that  moving  a  beam  relative  to  a  frame 
of  reference  introduces  new  modes?  This  seems  to  contradict  the  theory  of 
relativity. 
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